We have initiated a systematic study of the DNA replicaAdditionally, unique subunit-specific interactions betion apparatus of the hyperthermophilic archaeon Sutween components of the clamp loader, RFC, suggest loflobus solfataricus. As with other archaea, the Sulfoloa model for clamp loading of PCNA. ). We have termed these PCNA1, 2, in eucarya and archaea the analogous functions are and 3, respectively. We sought to determine whether provided by the proliferating cell nuclear antigen, PCNA. these three PCNA homologs form distinct homotrimers In addition to enhancing processivity of the polymerase, or a heterotrimer. PCNA1, 2, and 3 were expressed and PCNA has been observed to act as a scaffold for the purified individually, either as fusion proteins with Glutaassembly of accessory processing factors such as DNA thione S transferase (GST) or a hexa histidine (His) tag. ligase I and the flap endonuclease, FEN1 (reviewed in Next GST PCNA1, 2, or 3 were tested for their ability to Warbrick, 2000). Therefore, it appears that PCNA acts interact with purified His-tagged PCNA1, 2, or 3. Using as a central organizer for the assembly of proteins during pairwise combinations of GST and His tagged PCNAs lagging strand synthesis. Intriguingly, these additional we could detect strong interactions between PCNA1 proteins bind to the same site on PCNA, the interdomain and PCNA2 ( Figure 1B able to pull down the PCNA1-PCNA2 dimer. Thus, the
Because we have demonstrated that these individual subunits elute from the column as monomer sized, as do mixes of PCNA1 and 3 and PCNA 2 and 3. However, subunits do not form trimers and because we cannot detect any interaction between PCNA1 and polB1, we PCNA1 and 2 form a dimer sized complex and the combination of PCNA1, 2, and 3 yields an elution profile in assume the weak stimulation previously reported was a nonspecific effect. agreement with formation of a heterotrimer in which all three subunits are present in a 1:1:1 stoichiometric ratio Next, we tested the ability of the PCNA subunits to interact with S. solfataricus DNA ligase I. We identified ( Figure 1D ). Additionally, immunoprecipitation assays were performed on a whole cell extract prepared from a candidate interaction motif in the N-terminal region of this protein ( Figure 2D ). We detected a unique interac-S. solfataricus cells using anti-sera specific for individual PCNAs ( Figure 1E ). These assays revealed coimmunotion between PCNA3 and DNA ligase I ( Figure 2E , upper panel). Furthermore, a deletion construct, lacking the precipitation of all three PCNA subunits, indicating the presence of heterotrimeric PCNA in vivo. Surface plasfirst 30 amino acids of the ligase, did not interact detectably with PCNA3 ( Figure 2E , lower panel). As with mon resonance experiments were performed to further analyze the formation of the PCNA heterotrimer. PCNA1 DNA polB1, we found that the PCNA heterotrimer could stimulate ligase activity, but that individual subunits was immobilized on the surface of a sensor chip and one of PCNA1, PCNA2, or PCNA3 flowed over the cell.
could not ( Figure 2F , left panel). This stimulation was dependent on the presence of the N-terminal interaction We were unable to detect significant PCNA1-PCNA1 or PCNA1-PCNA3 interactions but were able to detect motif ( Figure 2F , right panel). Next, we tested the interaction of FEN1 with the PCNA strong binding of PCNA1 and PCNA2 ( Figure 1F ). Quantitation of this interaction revealed a KD for this interaction subunits. Using the yeast 2-hybrid assay and GST pull downs, we could detect a strong interaction between of 1.2 ϫ 10 Ϫ11 M (data not shown). This interaction has an extremely slow off-rate (kd ϭ 1.7 ϫ 10 Ϫ5 s Figure 2K ). These data suggest that all three proteins might be able to in a significant reduction in the interaction with PCNA2 and PCNA3 ( Figure 2B , lower panel). Additionally, we simultaneously associate with the PCNA ring. To test this hypothesis, we made GST-FEN1 and tested for its tested the ability of individual PCNA subunits or the assembled heterotrimer to stimulate the DNA synthetic ability to interact with polB1 and DNA ligase. As can be seen in Figure 2L , we can only detect interactions with capability of the DNA polymerase. We find that the heterotrimeric PCNA, but not individual subunits, is able to ligase and polymerase in the presence of the PCNA ring, suggesting that PCNA is acting as a bridge between significantly stimulate polymerase activity; furthermore this stimulation is dependent on the N-terminal motif in these factors. In light of these data, we propose that in Sulfolobus, DNA polB1, ligase I, and FEN1 are constitupolB1 ( Figure 2C ). Our finding is in marked contrast to a report by Pisani and colleagues that indicated that tively associated with the PCNA heterotrimer allowing a preassembled processing complex to scan along DNA high concentrations of individual PCNA1 and PCNA3 . We attempted tions of these proteins were mixed and then immunoprecipitation performed with antisera raised against to purify individual small subunit and large subunit and the pentameric complex. Although we could readily ob-PCNA2. The presence of proteins in the immunoprecipitate was assayed using a commercially available antitain large quantities of small subunit tetramer and the large subunit-small subunit complex, we were unable hexahistidine monoclonal antibody that recognizes the His-tag on all three proteins. Consistent with the gel to isolate stable large subunit on its own. To determine whether the RFC complex could act as a clamp loader filtration data, we could only detect immunoprecipitation of RFC S when both PCNA1 and PCNA2 were present for PCNA, we modified a previously described clamp loading assay . In this assay, ( Figure 3C ). These interaction data, taken together with the above we incubated RFC with PCNA, ATP, and partially duplex M13 DNA, then subjected the reaction mix to gel filtradata on the in vitro order of assembly of PCNA, and in conjunction with previous structural studies on ATPtion chromatography. The elution profile of PCNA was followed using anti-PCNA2 antisera in Western blotting. Figure 3A) . Thus, Sulolobus RFC acts as a clamp loader for PCNA. alteration in RFC, altering the spacing between large and small subunits, thereby levering PCNA3 subunit off To address the potential interactions between RFC and PCNA, we employed the yeast two hybrid assay. In the PCNA ring. In this regard, it is particularly interesting to note that we find that PCNA3 is the final component this approach, we could detect an interaction between PCNA3, the last subunit to assemble into the PCNA to join the heterotrimeric Sulfolobus PCNA ring in the in vitro assembly reaction. Finally, DNA is bound and ATP trimer, and RFC L . No interaction between PCNA3 and RFC S was detected, nor could we detect any interactions is hydrolysed, thereby completing the cycle and resealing the PCNA ring shut. The PCNA ring then serves as between either PCNA1 or PCNA2 and either component of RFC ( Figure 3B) . scaffold for the simultaneous assembly of DNA polymerase, ligase, and flap endonuclease at the lagging strand Although no interactions between either PCNA1 or PCNA2 and RFC were detected in the two hybrid assay, fork. Although the heterotrimeric structure of Sulfolobus PCNA that has facilitated this analysis appears to be we further investigated potential interactions using biochemical approaches. Accordingly, we incubated PCNA1 unique, we anticipate that our findings will apply to other systems. Specifically, we anticipate that analogous inor PCNA2 with RFC S and subjected the reaction to fractionation on a Superose 12 gel filtration column. The teractions to those we have described will play pivotal roles in lagging strand processing and RFC-mediated elution profiles of PCNA1 and PCNA2 were essentially identical regardless of the presence of RFC S , indicating clamp loading in eukaryotes. We note that some other archaea possess several genes for PCNA subunits; howthat there are no stable interactions between these com-equimolar amounts of PCNA1, 2, and 3 and then subjecting the mix ever, whether these form heterotrimers is unknown (Dai- Anti-GST antibody was immobilized on a CM5 sensor chip using (Novagen); PCNA2 cloned into NdeI, XhoI sites of pET30a (Novagen); amine coupling according to Biacore protocols. 250 RU of purified PCNA3 cloned into NdeI, XhoI sites of pET30a; DNAP and DNAP⌬9 GST-PCNA were immobilized and varying concentrations of PCNA1, cloned into NcoI, XhoI sites of pET33b; Ligase I and Ligase I ⌬N 2, or 3 injected. In the experiment shown in Figure 1F , 280 nM PCNAs cloned into NdeI, XhoI sites of pET30a; FEN1 and FEN1⌬C cloned were flowed over the sensor chip at a rate of 10 l/min. into NdeI, XhoI sites of pET33b; RFC small subunit NcoI SalI digest cloned into NcoI XhoI sites of pET33b; (2) GST fusion protein plas
